Introduction
============

Single-chain folded nanoparticles have attracted significant interest over the past years, particularly in the precision polymer synthesis community, due to their unique properties and applications in sensing, catalysis, drug delivery and nano-medicine.[@cit1]--[@cit5] In order to generate complex macromolecular designs, synthetic polymer chemists commonly utilize reversible deactivation radical polymerization (RDRP) protocols to synthesize well-defined polymers. These methods are often combined with orthogonal polymer ligation systems to tether the recognition motifs that induce chain folding to the lateral polymer chain.[@cit6],[@cit7] Generally, single-chain nanoparticles (SCNPs) are accessible by two pathways: (i) *via* so-called selective point folding, where the folding motifs are attached at pre-selected points along the polymer chain, which leads to well-defined SCNPS or (ii) *via* the repeating unit approach, leading to less well-defined SCNP structures, due to the random attachment of the folding units along the polymer chain.[@cit8] While the collapse of the parent single polymer chain can be induced either by non-covalent[@cit9]--[@cit15] or dynamic covalent[@cit16]--[@cit20] interactions, a vast majority of the cross-linking strategies developed so far falls in the category of covalent chemistry.[@cit6],[@cit21],[@cit22] For instance, attempting to design SCNPs *via* radical-coupling chemistry, the groups of Suh, Thayumanavan and Mecerreyes reported the collapse of various polymer functionalities *via* radical-mediated intramolecular covalent cross-linking.[@cit23]--[@cit25] Specifically, azo-bis(isobutyronitrile) (AIBN) was selected as radical initiator for the intramolecular crosslinking of these polymers. On the other hand, Berda and colleagues recently introduced atom transfer radical coupling (ATRC)[@cit26] to single-chain folding technology. Intriguingly, SCNP folding by light-induced processes are relatively new to single-chain technology, with only a few reported examples.[@cit27]--[@cit33] Critically, to the best of our knowledge, there exists no example of SCNPs that exploit the combination of light-induced chemistry and persistent radicals (such as nitroxides) to induce single-chain folded structures. In fact, the nitroxide radicals are known as one of the rare classes of radicals capable of being handled under ambient conditions on the laboratory bench and find applications in diverse fields as cathodes for light-weight organic batteries,[@cit34]--[@cit36] antioxidants,[@cit37]--[@cit39] and catalysts[@cit40] among others.[@cit41]--[@cit44] Furthermore, the nitroxide radicals are also the most exploited paramagnetic sensors. Indeed, they form the basis of spin probes and spin labels,[@cit45] which are well known in the fields of chemical and biological materials science. Hence, we have also recently reported the synthesis of functional self-reporting switch-on systems, where the fluorescence of a fluorophore is silenced by the unpaired spins of nitroxides and restored by the annihilation of the paramagnetic moiety by reduction to yield a paramagnetic hydroxylamine or by trapping of the radical.[@cit46]--[@cit48]

Generally, polymers bearing an aromatic backbone are known for their fluorescence properties. Polystyrene (PS) is one less known polymer that in solution and in PS particles displays fluorescence due to monomer fluorescence and π-stacking,[@cit49],[@cit50] although the aromatic rings in PS are smaller compared to pyrene, for example. Hence, in the current contribution, we exploit the concept of nitroxide containing polymers and their quenching of fluorescence (*i.e.* luminescence) in PS systems for the preparation of profluorescent single-chain nanoparticles and induce the radical coupling reaction employing a UV responsive bifunctional crosslinker. Unlike noncovalent and dynamic cross-linking chemistry, typical covalent cross-linking delivers static nanoparticles that remain stable and unchanged in response to external stimuli. Importantly, the herein established folding process is fully reversible and self-reporting *via* luminescence, *i.e.* the folded state does luminesce, while the luminescence of the exited states in the folded polymers is quenched in the open chain. The thus introduced self-reporting SCNPs that emit information about their folding state constitute a critical step forward as reversibly addressable imaging agents.

Results and discussion
======================

As polymer scaffold, we prepared well-defined random copolymers based on styrene and 4-(chloromethyl)styrene (CMS) with various molar concentrations of the CMS monomer in the copolymer (5--30 mol%; see [Scheme 1](#sch1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}).

![Folding cycle of the parent polymer **P4′** with the bifunctional crosslinker **1**. The folding is induced by UV-light (*λ* = 320 nm) resulting in the intramolecularly folded SCNPs **P9** and **P11**. The unfolding of SCNP **P9** was induced by *m*CPBA restoring the initial state (**P10**).](c8sc01009a-s1){#sch1}

###### Molecular characteristics of the parent polymer **P4′** and the resulting SCNPs **P8**, **P9** and **P11** as well as the unfolded polymer **P10**, the molecular weights, dispersities, DLS and DOSY derived hydrodynamic diameter and incorporated mol% of TEMPO

  ID        *M* ~n~ [^*a*^](#tab1fna){ref-type="table-fn"}/g mol^--1^   *Đ* [^*a*^](#tab1fna){ref-type="table-fn"}   *D* ~h,DLS~ [^*b*^](#tab1fnb){ref-type="table-fn"}   *D* ~h,DOSY~ [^*c*^](#tab1fnc){ref-type="table-fn"}   Density of TEMPO[^*d*^](#tab1fnd){ref-type="table-fn"}   **1** (eq.)[^*e*^](#tab1fne){ref-type="table-fn"}
  --------- ----------------------------------------------------------- -------------------------------------------- ---------------------------------------------------- ----------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------
  **P4′**   33 300                                                      1.3                                          3.0                                                  3.4                                                   3.89                                                     ---
  **P9**    18 500                                                      1.5                                          2.8                                                  2.6                                                   0.43                                                     2
  **P10**   33 400                                                      1.4                                          3.2                                                  3.5                                                   2.16                                                     ---
  **P11**   16 200                                                      1.6                                          2.3                                                  2.9                                                   0.03                                                     2

^*a*^Determined *via* SEC in THF (35 °C, 1 mL min^--1^) as eluent, calibrated with PS standards.

^*b*^Determined *via* DLS in DMAc + LiBr (0.3%) as solvent.

^*c*^Determined *via* DOSY.

^*d*^Determined by EPR.

^*e*^Equivalents were calculated to the corresponding amount of TEMPO.

To assess the efficiency of the reaction and to determine the optimum conditions, not only the different molar ratios of CMS, but the chain-length of the copolymer was varied (refer to ESI Table S.1[†](#fn1){ref-type="fn"}). The copolymers were prepared by a well-established route in our group, using nitroxide mediated polymerization (NMP)[@cit27],[@cit39],[@cit51] to afford the precursor polymers poly(styrene-*stat*-4-(chloromethyl)styrene) **P1--P4**. Subsequently, the copolymers were decorated with 4-carboxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-carboxy-TEMPO) in a nucleophilic substitution reaction to yield the parent copolymers **P1′--P4′** for single-chain folding. Although the information obtained is less comprehensive, we adopted ^1^H NMR analysis for the nitroxide containing polymers to follow the post-polymerization modification reaction, which results in a characteristic downfield shift of the methylene proton resonance of the CMS group between 4.6 to 5.2 ppm (refer to Fig. S3--S6[†](#fn1){ref-type="fn"}). Confirmation of the modification was also achieved *via* SEC measurements (Fig. S13--S15[†](#fn1){ref-type="fn"}), indicating a shift to higher molecular weights after modification. Intriguingly, the PS-*stat*-CMS based polymer **P4** (see Section A.7,[†](#fn1){ref-type="fn"} for structural details) displays luminescence (excitation wavelength *λ* = 240 nm) in the range of about 270--375 nm (refer to the ESI Fig. S24a[†](#fn1){ref-type="fn"}), while the luminescence is spin-silenced after the attachment of the nitroxide, yielding the profluorescent parent polymer **P4′**.

The use of light is a powerful tool to drive reactions, since light is readily available and readily controlled in intensity and wavelength. α-Hydroxyalkyl phenyl ketones undergo a clean Norrish-type I cleavage upon irradiation to produce a benzoyl and the corresponding ketyl radical with high efficiency and quantum yields.[@cit52],[@cit53] Depending on the substituents in the *para* position of the aryl group, the cleavage of the C--C bond can occur either from the singlet or the triplet excited state, and the photocleavage can involve either the n--π\* or π--π\* excited state. Thus, inspired by the photo-induced ligation of nitroxide radicals with the photoinitiator (2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methylpropan-1-one) (Irgacure 2959, an α-hydroxyalkyl phenyl ketone derivative or a photoactive PS-based polymer),[@cit52],[@cit54] we targeted the intramolecular collapse induced by UV-light (*λ*~max~ = 320 nm) of a nitroxide containing polymer through a novel bifunctional crosslinker **1** equipped with 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) functionalities on both termini. **1** was prepared in a one-step synthesis by esterification of adipic acid with commercially available Irgacure 2959 (refer to the ESI for the synthesis (Section A.2[†](#fn1){ref-type="fn"}) and detailed characterization (Section C.1[†](#fn1){ref-type="fn"})). Folding of **P1′--P4′** was initially conducted by employing a stoichiometric amount of **1** (refer to ESI[†](#fn1){ref-type="fn"} for the SEC traces of **P1′--P4′** and **P5--P8**, Fig. S17--S20[†](#fn1){ref-type="fn"}). After irradiation by UV light, SEC of the polymers **P5--P8** shows the characteristic shift towards higher retention times, due to the reduced hydrodynamic volume of the single-chain architectures (Fig. S17--S20[†](#fn1){ref-type="fn"}). In addition, the influence of the crosslinker equivalents on the SCNPs formation was investigated with regard to the pendant TEMPO groups, specifically for polymer **P4′** ([Fig. 1a](#fig1){ref-type="fig"}). Here, we observed a similar behaviour as the Berda team noted in their recent study.[@cit55] With increasing amount of crosslinker, a major peak shift towards higher retention times is detected. By employing **1** in large excess (25 eq.), interchain coupling of **1** is witnessed as a side reaction (refer to [Fig. 1a](#fig1){ref-type="fig"}, green curve). Thus, once the optimum folding conditions were established, 2 equivalents of **1** were used to affect a pronounced collapse visible in the SEC. As expected, the shift in the SEC chromatogram was detected (refer to [Fig. 1b](#fig1){ref-type="fig"}, red curve) resulting from the decrease of the hydrodynamic volume caused by the single-chain collapse. Importantly, the resulting SCNPs display inherent luminescence (excitation wavelength *λ* = 240 nm) in the range of about 380--550 nm, establishing a self-reporting reversible SCNPs folding system (compare the black and red lines in [Fig. 1c](#fig1){ref-type="fig"}). Critically, compared to other reported fluorescent SCNPs,[@cit56]--[@cit59] it is not necessary to install a fluorophore before or after the crosslinking process, since the crosslinking reaction between the styryl TEMPO derivative and the α-hydroxyalkyl phenyl ketones of the linker **1** generates the luminescence. The ^1^H NMR spectrum of the folded SCNPs **P9** displays the characteristic C*H*~2~ resonances of **1** at 4.21 and 4.44 ppm (Fig. S10[†](#fn1){ref-type="fn"}). In order to underpin the observation of luminescence switch-on (excitation wavelength *λ* = 240 nm) after the crosslinking reaction, a monofunctional Irgacure 2959 derivative **2** was prepared and reacted with **P4′** to yield **P9′** (refer to [Fig. 2](#fig2){ref-type="fig"}). Interestingly, Jokusch *et al.* observed phosphorescence for the Irgacure 2959 moiety,[@cit60] giving a similar spectrum compared to the recorded luminescence spectra for the SCNPs **P9** and **P11**. Furthermore, small molecule studies reveal no luminescence for the folded polymers **P9** and **P11**. The luminescence is only detectable in case **1** or **2** are attached to the polymer (refer to [Fig. 1c](#fig1){ref-type="fig"}, [2b](#fig2){ref-type="fig"} and S22;[†](#fn1){ref-type="fn"} for further information for the small molecule study refer to the ESI Section A and C[†](#fn1){ref-type="fn"}). The peak at 480 nm is an artefact at double the wavelength that was used for excitation (240 nm), which was proven by the measurement of pure DCM (refer to Fig. S22 in the ESI[†](#fn1){ref-type="fn"}). Additional confirmation of the folded nature of the product **P9** was obtained by DOSY measurements. Applying the Stokes--Einstein equation (eqn (1) in the ESI[†](#fn1){ref-type="fn"}), the hydrodynamic diameter (*D*~h,DOSY~) of the SCNPs of **P9** is calculated to be 2.6 nm compared to 3.4 nm of the unfolded state of **P4′**, which is in agreement with the DLS analysis (refer to [Table 1](#tab1){ref-type="table"}, [Fig. 1d](#fig1){ref-type="fig"}, and Section C7--C8 in the ESI[†](#fn1){ref-type="fn"} for spectra and further details). The parent polymer and the respective SCNPs were further characterized by EPR in toluene to determine the radical structure as well as spin density of the samples ([Fig. 2](#fig2){ref-type="fig"}, black and red lines, respectively). The *g* value and hyperfine coupling constants (*a*~N~) for **P4′** (refer to Table S2[†](#fn1){ref-type="fn"}) agree with the classic TEMPO-based nitroxide structure.[@cit61] Thus, the EPR measurements of the folded sample **P9** underpin the almost quantitative reaction of the nitroxide moieties with **1**.

![(a) SEC chromatogram of **P4′** (black curve) and the SEC curves of the folded polymer **P9** as a function of the amount of added crosslinker **1**. (b) Folding cycle of the TEMPO polymer **P4′**. The black curve shows the initial precursor polymer, red curve shows the folded polymer, the blue curve shows the unfolded SCNP followed by the refolding (pink curve). (c) Emission spectra (*λ*~exc.~ = 240 nm) of the polymers **P4′**, **P9--P11** as well as the crosslinker **1**, measured in DCM (*c* = 0.2 mg mL^--1^). The peak marked with a star is a systematic artefact at double the excited wavelength. (d) Analysis of **P4′**, **P9--P11***via* dynamic light scattering (DLS) in DMAc + 0.3% LiBr, the average (minimum of 3 measurements per sample) number distributions are shown.](c8sc01009a-f1){#fig1}

![Synthesis of a non-collapsed analogue to **P9** (**P9′**) *via* the UV-light induced reaction of the precursor polymer **P4′** and the photo-active monofunctional crosslinker **2**. (a) (i) *hν* (*λ*~max~ = 320 nm), ambient temperature, 20 h. (b) Fluorescence spectra of the mono-functional crosslinker **2** and **P9′**, demonstrating the fluorescent nature of the molecular construct.](c8sc01009a-f2){#fig2}

Based on the work of Chalmers *et al.*, describing the deprotection of methoxy-protected TEMPO derivatives by *meta*-chloroperbenzoic acid (*m*CPBA) affording the hydroxyl amine which is then oxidized to the nitroxide radical, we reactivate the capped TEMPO species **P4′** by reoxidation yielding the hydroxylamine moiety, which subsequently reforms the nitroxide (refer to [Scheme 1](#sch1){ref-type="fig"} and [Fig. 1b](#fig1){ref-type="fig"}, blue curve, and refer to Section A.11 in the ESI[†](#fn1){ref-type="fn"} for the deprotection conditions).[@cit62] Gratifyingly, the SEC chromatogram displays an almost identical molecular weight distribution for **P10** compared to the original parent polymer **P4′**. Furthermore, the EPR data for **P10** also suggest quantitative unfolding by restoring the initial amount of nitroxides in the polymeric backbone, confirming the results obtained by SEC (compare the values of the radical densities for TEMPO moiety shown in [Table 1](#tab1){ref-type="table"}, and [Fig. 3](#fig3){ref-type="fig"}). In addition, the fluorescence spectrum of **P10** depicts an identical shape as the unfolded precursor polymer **P4′** and no luminescence was monitored ([Fig. 1c](#fig1){ref-type="fig"}). Thus, the switch on/off behaviour of the luminescence is perfectly suited to assess the folded state of the SCNPs.

![EPR signals for the parent polymer **P4′**, the folded SCNP **P9**, the unfolded **P10** and refolded SCNP **P11**. All samples were measured in toluene at ambient temperature.](c8sc01009a-f3){#fig3}

The dynamic-covalent folding/unfolding is similarly reflected in the DLS derived hydrodynamic diameter (*D*~h~), which reverts back to larger hydrodynamic diameters (*i.e.*, 3.2. nm), indicating the successful unfolding (refer to [Fig. 1d](#fig1){ref-type="fig"}, blue curve and [Table 1](#tab1){ref-type="table"}). In addition, the *D*~h,DOSY~ derived value of the SCNP for **P10** is close to 3.5 nm, which is in agreement with the DLS analysis ([Table 1](#tab1){ref-type="table"} and Fig. S36--S37[†](#fn1){ref-type="fn"}). The ^1^H NMR spectrum of the unfolded SCNPs **P10** (refer to Fig. S9[†](#fn1){ref-type="fn"}) shows a decrease of the characteristic C*H*~2~ resonances of **1** at 4.21 and 4.44 ppm by close to 82%. These results are congruent with the reported yields for the deprotection of nitroxide moieties by Chalmers *et al.*[@cit62] Hence, not all nitroxide radicals are completely recovered, although the unfolding appears to be complete. We assume that only one functionality of the bifunctional crosslinker is cleaved, while the second functionality is still attached to the polymer. The latter assumption is confirmed by above discussed SEC and DLS results, where slightly higher apparent molecular weight and diameter values were recorded for **P10** compared to **P4′**. In addition, the slight decrease in the signal intensity of **P10** in comparison to **P4′** observed during the EPR measurements (refer [Fig. 3](#fig3){ref-type="fig"}, blue and black lines, respectively) indicate a slightly lower spin density, thus reaffirming the aforementioned assumption of the cleavage of one crosslink site, while the second crosslink is still attached to the nitroxide.

After the SCNPs **P9** has been successfully unfolded, we implemented the UV-light induced refolding reaction of **1** with **P10** to unambiguously prove the reformation of the nitroxide radicals (refer to [Scheme 1](#sch1){ref-type="fig"}). In a similar manner to the initial SCNPs formation studies, 2 equivalents of **1** were used in order to effect a pronounced collapse visible in the SEC. Indeed, the expected shift in the SEC chromatogram was detected (refer to [Fig. 1b](#fig1){ref-type="fig"}, pink curve), resulting from the decrease of the hydrodynamic volume caused by the single-chain collapse. Surprisingly, the shift of the refolded SCNP **P11** is more pronounced as the initial SCNPs **P9**. In fact, *m*CPBA is often used as oxidizing agent for the generation of nitroxides from piperidine derivatives[@cit46] as well as deprotection agent as reported by Chalmers *et al.* Consequently, the unfolding reaction may regenerate some deactivated nitroxide radicals that were not accessible for the first folding reaction as well as restore the crosslinked moieties. The SEC data underpinning the second folding cycle are corroborated by fluorescence and DLS data. The fluorescence spectrum (refer to [Fig. 1c](#fig1){ref-type="fig"}) shows higher intensity (pink curve) compared to the initial folded state (red curve), which indicates more crosslinking points are formed, allowing for a more distinct luminescence. The fluorescence quantum yield after the second folding is increased by close to a factor of 150 (refer to Fig. S27 in the ESI[†](#fn1){ref-type="fn"}). Importantly, the DLS derived *D*~h~ values are also congruent with the above results: the initially folded SCNPs ([Fig. 1d](#fig1){ref-type="fig"}, red curve) are less compact than the refolded system ([Fig. 1d](#fig1){ref-type="fig"}, pink curve), *i.e. D*~h~ going from 2.8 nm to 2.3 nm after the first and second folding, respectively. In addition, the size reduction after the second folding was monitored by DOSY measurements (refer [Table 1](#tab1){ref-type="table"}, Fig. S38--S39[†](#fn1){ref-type="fn"}). Similar to DLS and SEC, DOSY provides information about the hydrodynamic radii by measuring the diffusion coefficient, which should typically increase upon folding, thus resulting in a smaller *D*~h~ value. Based on the Stokes--Einstein equation, the calculated *D*~h,DOSY~ shows the same trend, thus a decreasing *D*~h~ from 3.5 to 2.9 nm for the refolded **P11** as beforehand accessed by DLS. Finally, by the virtue of the EPR experiments, a very significant decrease in the signal intensity ([Fig. 2](#fig2){ref-type="fig"}, pink line) upon the SCNPs folding process is evident, which implies the superior folding of polymer **P10** to SCNPs **P11**.

Conclusions
===========

In summary, we pioneer a refoldable, self-reporting single-chain nanoparticle platform technology based on the photoligation of nitroxide radicals with a novel bifunctional crosslinker bearing a photoreactive functionality. The initially folded, luminescent SCNPs are unfolded under oxidative conditions, resulting in luminescence switch-off and the reestablishment of the initial precursor polymer. Subsequently, the unfolded polymer was refolded by the same photo-induced reaction, resulting in the restoration of the luminescence (refer to [Scheme 1](#sch1){ref-type="fig"} and [Fig. 3](#fig3){ref-type="fig"}) and the characteristic molecular and hydrodynamic diameter changes. We submit that the introduced photochemical reversible SCNP folding system is the first to indicate its folded or unfolded state by a simple luminescence readout. The technology presented herein may thus serve as a guiding principle to readout the state of SCNPs in more complex scenarios. Furthermore, the presented principle could be adopted in other fields to distinguish between small molecular (non-luminescent) species and polymeric luminescent structures.

Conflicts of interest
=====================

There are no conflicts to declare.

Supplementary Material
======================

Supplementary information

###### 

Click here for additional data file.

C. B.-K. and B. L. acknowledges funding for this project from the Sonderforschungsbereich 1176 (project A1) funded by the German Research Council (DFG). Additional long term support from the Karlsruhe Institute of Technology (KIT), the Helmholtz association *via* the BioInterfaces in Technology and Medicine (BIFTM) and the Science and Technology of Nanosystems (STN) programs is acknowledged. C. B.-K. acknowledges continued support from the Queensland University of Technology (QUT) and the Australian Research Council (ARC) in the form of a Laureate fellowship enabling his photochemical research program. The authors acknowledge Prof. M. Meier and Dr P. Levkin (both KIT) respectively for the access to ATR-IR and DLS equipment.

[^1]: †Electronic supplementary information (ESI) available. See DOI: [10.1039/c8sc01009a](10.1039/c8sc01009a)
